We present on-sky polarimetric observations with the Gemini Planet Imager (GPI) obtained at straight Cassegrain focus on the Gemini South 8-m telescope. Observations of polarimetric calibrator stars, ranging from nearly unpolarized to strongly polarized, enable determination of the combined telescope and instrumental polarization. We find the conversion of Stokes I to linear and circular instrumental polarization in the instrument frame to be I → (Q IP , U IP , P IP , V IP ) = (−0.037 ± 0.010%, +0.4338 ± 0.0075%, 0.4354 ± 0.0075%, −6.64 ± 0.56%). Such precise measurement of instrumental polarization enables ∼ 0.1% absolute accuracy in measurements of linear polarization, which together with GPI's high contrast will allow GPI to explore scattered light from circumstellar disk in unprecedented detail, conduct observations of a range of other astronomical bodies, and potentially even study polarized thermal emission from young exoplanets. Observations of unpolarized standard stars also let us quantify how well GPI's differential polarimetry mode can suppress the stellar PSF halo. We show that GPI polarimetry achieves cancellation of unpolarized starlight by factors of 100-200, reaching the photon noise limit for sensitivity to circumstellar scattered light for all but the smallest separations at which the calibration for instrumental polarization currently sets the limit.
INTRODUCTION
The Gemini Planet Imager (GPI) obtained first light at the Gemini South 8-m telescope in November 2013, 1 and its first on-sky polarimetric observations occurred in December 2013. The polarimetric mode of this instrument is primarily intended to spatially resolve scattered light from circumstellar dust, in particular from protoplanetary and debris disks. 2 Additionally, GPI will enable studies ranging from Titan's atmospheric properties to outflows from high mass stars. For a description of the design and implementation of GPI's polarimetry mode, data reduction methods, and the first polarimetric science results from GPI, see M. Perrin et al. (2014, in preparation) . An integral part of data reduction involves correction for instrumental polarization.
Instrumental polarization bias arises from crosstalk between Stokes parameters I, Q, U, V as light is transferred through the combined telescope and instrument system, which can be represented by the off-diagonal elements in the Mueller matrix describing the system's polarization response. The polarization at straight Cassegrain focus imparted by the telescope itself is expected to be lower than that introduced by GPI. Indeed, the dominant contributor to system polarization is expected to be GPI's own optics, which include 12 reflections at varying angles of incidence prior to GPI's halfwave plate. Based on numerical ray tracing, GPI is likely to have of order 1% instrumental polarization. In contrast, telescope polarization at straight Cassegrain focus is typically measured to be of order 0.01%. 3, 4 GPI is required to be operable on all ports of the Gemini Instrument Support Structure (ISS), which include the straight-through bottom port as well as the side ports which receive light via a 45
• fold mirror, M3. For the side ports, this 45
• fold is expected to introduce enhanced telescope polarization, which is expected to be of order 1% based on modeling of Gemini's multilayer protected silver coating.
2 However, it is expected that GPI observing runs will make preferential use of the bottom (straight-through) port, which improves both telescope polarization and overall contrast by minimizing reflections. Therefore, we do not consider the contribution of the M3 fold to telescope polarization. In this paper, we describe on-sky observations of polarization calibrator stars to assess the performance of GPI's polarimetry mode. We discuss measurements of instrumental polarization in §2 and §3, and §4 illustrates GPI's capabilities for suppression of unpolarized stellar PSF halos.
METHODS FOR MEASURING INSTRUMENTAL POLARIZATION
To derive measurements for GPI's instrumental polarization, we first set up a calculation framework of Mueller matrices describing GPI's sensitivity to incident polarized starlight, and we then apply that framework to observations of polarized and unpolarized standard stars observed during the commissioning of GPI's polarimetry mode in December 2013.
Mueller Matrices Representing GPI Polarimetry Observations
GPI always operates in angular differential imaging (ADI) mode, where the alt-az telescope's Cassegrain rotator is fixed in angle so the pupil is static in the instrument frame. This increases the accuracy of quasi-static speckle subtraction when searching for circumstellar disks or planets. Therefore, both the pupil and the telescope/instrument polarization (IP) vector rotate with respect to the sky according to the observed parallactic angle φ par . However, stellar polarization, referenced to celestial north, does not rotate with parallactic angle, which allows stellar polarization and IP to be separated.
Using the Mueller matrix formalism, the Stokes vector polarization state S HWP of light reaching GPI's halfwave plate is the following, assuming an incident Stokes vector S source with total intensity normalized to 1:
Here, T φ is the rotation matrix to rotate stellar polarization into the instrumental reference frame (where φ is related to parallactic angle, see below), and the normalized stellar Stokes parameters are taken to be Q/I, U/I. We assume stellar V /I = 0. For the sake of brevity, we drop the denominator I for the rest of this manuscript. The subscript "IP" indicates the combination of telescope and instrumental polarization, which cannot be distinguished from each other due to their identical modulation with parallactic angle. Optical, Zemax modeling of the reflections and nominal phase retardances from mirror coatings in GPI suggest P IP = Q 2 IP + U 2 IP ∼ 1% and V IP ∼ 10%. Each of these quantities is much larger than the expected telescope polarization, for which measurements are typically of order 0.01%.
3, 4
To minimize the number of free parameters in fitting on-sky data, we only model the first column of the telescope/instrumental polarization Mueller matrix. The I → (Q, U, V ) matrix elements are therefore indicated by (Q IP , U IP , V IP ), respectively. In the instrumental reference frame (Equation 1), stellar polarization (Q, U ) rotates with parallactic angle while instrumental polarization (Q IP , U IP ) is constant. After the stellar beam enters GPI, it propagates through the various subsystems and experiences multiple reflections and phase retardance. By the time the beam reaches the halfwave plate, it has experienced significant instrumental polarization. The Stokes vector state of the beam reaching the integral field spectrograph (IFS) detector is given by the following:
Here, M Wol is the Mueller matrix for the MgF 2 /SiO 2 Wollaston prism, which bifurcates the beam into opposite polarization states denoted by "±". Given the known orientation of the Wollaston prism within the GPI IFS, the true orientation of the Wollaston axis with respect to the plane of the sky is given by φ = φ par + 90 • − 18.5
• , where parallactic angle is given by φ par . The architecture of the integral field polarimetry system motivates the 18.5
• orientation for the Wollaston prism (M. Perrin et al. 2014 , in preparation), and the 90 • offset simply reflects the arbitrary convention defining the reference angle for astronomical Stokes +Q. Laboratory tests, using a linear polarizer and quarterwave plate to inject beams of known Stokes state into GPI, indicate that the halfwave plate fast axis is oriented 29.14
• with respect to the rotation stage. 5 The orientation of the halfwave plate's optical axis projected on the plane of the sky is therefore given by ψ = −(ψ cmd + 29.14 • ), where ψ cmd is the commanded orientation and is a multiple of 22.5
• during a typical observing sequence.
The Mueller matrix of the GPI halfwave plate M HWP (λ) is approximately but not perfectly achromatic. Table  1 lists Mueller matrix parameters for the halfwave plate in Y , J, H, K1, and K2 bands, which are updated from a previous report of the H band retardance. 5 The updated retardance values were found by fitting vendor-provided retardances (measured at 0.894, 1.194, 1.242, 1.529 and 1.555 µm on a witness sample fabricated alongside our halfwave plate) to the retardances calculated using the known birefringence values of MgF 2 and crystalline SiO 2 . The thicknesses of the two layers were left as free parameters and adjusted to fit the measurements. The best fit thicknesses derived via this method were within 0.25% of the nominal design thicknesses from the vendor. These best fit thicknesses were then recombined with the birefringence to determine the retardance of the waveplate for the complete GPI wavelength range from 0.9 to 2.5 µm. The known transmission of each of GPI's filters was then used to perform a weighted mean of the retardance across each band. For each halfwave plate orientation ψ, the Wollaston prism and lenslet array generate a pair of spots on the IFS that encode the fractional polarization, which is effectively the measurement of a single linear Stokes parameter:
Here, I ± are given by the first element in the 4 × 1 matrix S IFS in Equation 2 for the two opposite polarization outputs of the Wollaston, respectively. Taking into account parallactic angle and GPI's halfwave plate orientation, P frac (ψ) is given by the following:
It can be seen from Equation 4 that, as measured in GPI's instrumental reference frame, only the astrophysical polarization components Q and U are modulated by parallactic angle; the instrumental polarization is independent of parallactic rotation. Additionally, while Q, U , Q IP , and U IP are modulated by the halfwave plate at 4ψ, V IP is modulated at 2ψ. Thus, the circular IP will manifest as a slow modulation of the halfwave plate and will be constant with parallactic angle. Based on Zemax modeling and laboratory measurements, 5 GPI is expected to exhibit instrumental circular polarization of order 1% in on-sky observations.
Measurements and Data Reduction
From combined V band polarimetric catalogs, 6 we determine suitable nearly unpolarized and strongly polarized calibrator stars to observe with GPI. The first stellar polarimetric observations taken with GPI occurred on the night of December 13, 2013 UT and consisted of the nearly unpolarized star HD 12759, the strongly polarized stars HD 77581 and HD 78344, and the circumstellar disk hosts β Pic, HD 15115, and HR 4796A. See Table 2 for literature measurements for the polarization of these stars, where available, with uncertainties in the last two digits given in parentheses. Clearly, the wavelength dependence of interstellar polarization ( §3.3) suggests that our near-infrared measurements will differ from those in the optical.
Observations of the strongly polarized stars were performed in unocculted/open loop mode, where the light from the star was spread over many IFS lenslets. The nearly unpolarized binary star HD 12759 (= GJ 9069AB, separation measured to be 1.450 ± 0.051") was observed in H band in both occulted/closed loop and unocculted/open loop modes, and the disk host stars were observed in H band in occulted/closed loop mode (with HR 4796A also observed in K1 band). Unocculted/open loop observations of HD 12759, HD 77581, and HD 78344 were taken in J, H, and K1 bands to assess instrumental performance with wavelength of observation. The raw data were reduced to the point of producing oppositely polarized datacubes using the GPI Data Reduction Pipeline 12, 13 but not yet combined as a sequence. The quantity P frac (ψ) from Equation 5 was calculated for each frame. This calculation, normalized by the total flux, is a necessity for the open loop observations. This is because the morphology and position of the stellar PSF varies from frame to frame, and more importantly, across different orientations of the halfwave plate.
Aperture polarimetry was performed for each frame at the center of the PSF. For observations in occulted mode, we assume that the polarization of the flux just outside of the occulter is representative of the true stellar polarization. This assumption will be directly tested by both occulted and unocculted observations of HD 12759 (see §3.2). A nonlinear least-squares procedure (specifically Gauss-Newton minimization) was employed to determine Q, U , Q IP , U IP , and V IP from Equation 4. It is not required that the measurements of IP be obtained on truly unpolarized stars, as IP modulates with parallactic angle while stellar polarization does not. With a sufficient range in observed parallactic angle, any non-variable star may theoretically be suitable for measurement of IP. The result of this fitting procedure is shown in Figure 1 , which illustrates H band observations of HD 77581 as a function of ψ. Table 3 lists the measured polarizations for the stars in our sample, where the quantities in parentheses indicate the uncertainties in the last two digits. The third column ("AO") lists the adaptive optics mode for each observations, which are either closed loop and occulted ("CO") or open loop and unocculted ("OU"). † Table 4 shows the instrumental polarization, IP, measured from H band observations of β Pic. From Equation 4, IP is measured to be I → (Q IP , U IP , P IP , V IP ) = (−0.037±0.010%, +0.4338±0.0075%, 0.4354±0.0075%, −6.64± 0.56%), which is reasonable given Zemax modeling of the system ( §2.1). Measurement of IP from observations of GJ 9069A and HD 15115, taken in identical observing modes as for β Pic, are not nearly as precise but are broadly consistent. Ideally, IP would be measured in each bandpass, because it is likely to be a chromatic effect. However, we do not yet have in hand sufficient data on standard stars with enough field rotation to accurately measure IP for bandpasses other than H. We therefore account just for the H band instrumental polarization when determining stellar polarization for JHK1 observations in Table 3 . Measured instrumental polarization of P IP ∼ 0.4% is an order of magnitude larger than measured telescope polarization at the Palomar 5-m; 3, 4 therefore, it is likely that telescope polarization is negligible compared to instrumental polarization, but as a practical matter there is no need to distinguish between the two.
RESULTS

Telescope/Instrumental Polarization
Polarimetry of Coronagraphically Occulted Stars
Closed loop, occulted observations of the nearly unpolarized star HD 12759 (= GJ 9069AB) were taken in H band with the occulter centered on GJ 9069A (Table 3) . Thus, assuming that the polarization of both • changes the sign of measured P frac , but preserves its magnitude, only for VIP = 0.
binary components is identical, the polarization of the occulted GJ 9069A PSF may be compared with that for the unocculted GJ 9069B to gauge the polarimetric effect of the coronagraphic occultation, if any. We find ∆(Q, U, P, Θ) = (−0.31 ± 0.26%, 0.02 ± 0.36%, 0.31 ± 0.40, 89
• ± 44 • ), where ∆(Q, U ) = (Q, U ) occ − (Q, U ) unocc and ∆(P, Θ) are calculated from ∆(Q, U ). In addition, both closed loop, occulted and open loop, unocculted observations of the strongly polarized star HD 77581 were taken in H band, and we find ∆(Q, U, P, Θ) = (−0.083 ± 0.056%, −0.084 ± 0.067%, 0.118 ± 0.066, 113
• ± 17 • ). The values of ∆(Q, U ) are inconsistent with a null result at only the 0.9σ level. Therefore, the 95% confidence upper limit to spurious polarization introduced by the occulter is ∆(Q, U ) < 0.17%. It must be stressed that this result is only valid for stars lacking significant scattered light from circumstellar material just outside the occulter spot. This is because the apparent contrast ratio between such close-in material and the star is increased by orders of magnitude due to coronagraphic starlight suppression (see §4). Therefore, the increased visibility of scattered light from a disk will bias the measurement of stellar polarization.
The star β Pictoris is of course itself a well known circumstellar disk host star. However, in practice the optical depth of the disk-scattered light around β Pic is low, and even in coronagraphically occulted images its contribution to the integrated total starlight just outside the occulter is less than that of the PSF halo. Therefore, β Pic is an acceptable target for measuring IP, and it is the star from the December 2013 dataset which has the greatest parallactic rotation and therefore the largest modulation lever arm for measuring IP. Observations of these same data analyzed in another manner to detect the disk will be presented in a later work (M. Millar-Blanchaer et al., in preparation).
Interstellar Polarization
It has long been known [14] [15] [16] that weakly aligned, nonspherical dust grains in the interstellar medium preferentially scatter starlight with electric field orientations parallel to the long axis of the grains. The magnitude of this effect varies linearly with heliocentric distance for a given sightline. 17 Its optical to near-infrared wavelength dependence may be described by the following, "Serkowski" empirical model:
Here, the wavelength of peak interstellar polarization λ max is typically ∼ 550 nm, and it is theorized to be related to the mean ISM dust grain size along the line of sight. The constants c 1 and c 2 describe the width of the polarization spectrum, and they vary from one sightline to another. 21 Figure 2 shows interstellar polarization and Serkowski fits for the nearly unpolarized star GJ 9069A and the strongly polarized stars HD 77581 and HD 78344. In addition to the V band data for HD 77581, there exist published U BGRI data 22 that sample near the peak wavelength of interstellar polarization for this system. Even though HD 77581 is a well-known high mass X-ray binary (= Vela X-1), its polarimetric amplitude of orbital modulation is only roughly ±0.1%, which is near the limit of accuracy with GPI.
The near-infrared polarizations measured by GPI for the strongly polarized stars are consistent with interstellar polarization. Therefore, it appears that the absolute accuracy in linear polarization measurements obtainable Table 2 for references) and near-infrared polarization (JHK1 bands from this work), of two strongly polarized stars and one nearly unpolarized star, as a function of wavelength of observation. Multi-wavelength GPI measurements are consistent with interstellar polarization for the strongly polarized stars.
with GPI is ∼ 0.1% or less (Figure 2 ), which is far below the expected polarization for spatially resolved, circumstellar material. GPI's ability to accurately and precisely measure the polarization of circumstellar dust-scattered light will be limited by contrast and our ability to measure the total intensity I, not by any systematic biases in the measurement of Q and/or U .
Interestingly, this level of accuracy is similar to the expected polarization of thermal emission from rapidly rotating, oblate exoplanets or those with non-uniform cloud cover. 23, 24 Thus, GPI may not only directly image scattered light from tenuous circumstellar material, but it may also probe asymmetry in thermal emission from young exoplanets.
SUPPRESSION OF UNPOLARIZED LIGHT
With the ultimate goal of detecting faint circumstellar material in mind, we observed the unpolarized standard HD 118666 (P = 0.07 ± 0.035% in V band 10 ) during a March 2014 commissioning run to assess GPI's ability to cancel out unpolarized light. HD 118666 was observed in GPI's closed-loop coronagraph mode in J, H and K1 filters; however, here we present the H band data only, leaving the analysis of the other two bands for future work (M. Perrin et al., 2014, in preparation). The H band observations consisted of two contiguous sets of four HWP orientations, each with 60 s exposures, for a total of eight minutes of integration. Total intensity (Stokes I) and linear polarized intensity images were generated using standard reduction techniques 2 ( Figure 3 , left panel). The ratio of the mean total intensity and mean linear polarized intensity at each radius provides an estimate of the level to which unpolarized speckles have been suppressed (Figure 3, right panel) . We find that within ∼ 0.3" of the central obscuration, unpolarized light is suppressed by over a factor of 200. The maximum cancellation reached is a factor of ∼ 226, which is in good agreement with the measured instrumental linear polarization of I → P IP = 0.4353 ± 0.0075%. Thus, it appears that our ability to suppress unpolarized light may be limited by the instrumental polarization, which was not yet taken into account in the data processing for these cubes. It is work in progress to ascertain whether improved starlight suppression can be achieved once the instrumental polarization calculation derived above is incorporated into the GPI Data Reduction Pipeline. The cancellation Figure 3 . Left: The total intensity (left) and linear polarized intensity (right) of the star HD 118666. Residual polarized intensity can be due to both instrumental polarization and noise (e.g. photon noise, read out noise, etc.) in the image, because the linear polarized intensity is a positive defined quantity. Right: The ratio between the mean total intensity and mean linear polarized intensity as a function of radius. At small radii the suppression of unpolarized light appears to be dominated by instrumental polarization. At larger radii the suppression appears to be dominated by photon noise.
ratio decreases with increasing separation from the star; factors such as photon noise and detector read noise become more relevant as the overall apparent surface brightness decreases. Note that at separations outside of ∼0.5", noise models show that the observed cancellation ratio (equivalently, the observed floor in polarized intensity P ) is consistent with GPI reaching the photon noise floor set by the stellar PSF halo.
CONCLUSION
We have presented commissioning observations of the Gemini Planet Imager's polarimetry mode with the aim of instrument calibration. Stellar polarization may be distinguished from instrumental polarization due to the parallactic angle dependence of stellar polarization in the reference frame of the instrument. Long duration observations of the nearly unpolarized star β Pic, through a parallactic angle range of ∼ 92
• , are consistent with the following instrumental polarization: I → (Q IP , U IP , P IP , V IP ) = (−0.037 ± 0.010%, +0.4338 ± 0.0075%, 0.4354 ± 0.0075%, −6.64 ± 0.56%). These values are broadly consistent with optical modeling of the instrument. We determine an upper limit to linear polarization introduced by the coronagraph occulter of ∆(Q, U ) < 0.17% with 95% confidence. A similar level of absolute accuracy in polarimetric measurements with GPI is obtained by fitting multiwavelength observations of strongly polarized stars to a well-established, empirical model of interstellar polarization.
Together with GPI's advanced adaptive optics and coronagraphic starlight suppression, the ∼ 0.1% accuracy in GPI linear polarimetric measurements will enable groundbreaking, spatially resolved investigations of tenuous circumstellar material. GPI's imaging polarimetry mode was designed and its calibration program planned with a goal that statistical measurement errors and not systematic biases should dominate the noise budget.
2 This led to a requirement that instrumental linear polarization be calibrated to better than 0.3%. The observations presented here, though preliminary, demonstrate on-sky calibration performance meeting and exceeding that requirement. Further work will extend this into a comprehensive, multi-wavelength characterization of GPI's performance as an imaging polarimeter.
Polarimetry has been a popular mode of GPI so far, with extensive use in the shared-risk early science period for studies of debris disks, transitional disks, protoplanetary disks, post-main-sequence stellar mass loss, and more. Observations of circumstellar disks will surely continue to be one of the main thrusts of GPI's overall scientific program. Precise calibrations also open up the possibility of observing the weak polarization signatures from young exoplanets with spatially asymmetric thermal emission, either by oblateness engendered by rapid rotation or by patchy clouds.
